Original scientific paper Load factors, defined as portion of utilized engine power, are used in estimation of the diesel mining equipment fuel consumption. Every type of equipment is involved in the specific work operation, common in quarrying of crushed stone. Furthermore, load factors are specific for the equipment type and their application/operating conditions. Based on the mining company's empirical data on fuel consumption, load factors of the main equipment in quarrying of crushed stone are determined in this paper. This includes bulldozer, backhoe excavators, wheel loaders, trucks, blasthole drill, mobile crushing and screening plants, and mobile belt conveyor. With an assumption of similar operating conditions, those factors can be considered as characteristic for small quarries of crushed stone, but also for mining on other surface pits, depending on the specific equipment application. The obtained load factors are compared to the available data from other sources in order to verify the results and establish the appropriate procedure for assessment of unknown load factors in different operating conditions. Keywords: crushed stone; diesel drive; fuel consumption; load factor; mining equipment; quarrying
Introduction
In the lack of empirical data on fuel consumption, a common practice is to estimate the latter based on the specific fuel consumption, engine load factor and rated engine power.
Specific fuel consumption is a mass of fuel spent per unit of time and unit of power, with an engine operating at full rated power. It is usually expressed in kg/(kW•h) and mainly depends on an engine type and efficiency. For diesel engines it ranges from 0,21 to 0,26 kg/(kW•h), where the lower values correspond to modern and lowaged engines, while the higher values correspond to old, technologically less efficient and worn out engines [1] . It also varies with engine size and power, since larger diesel engines have higher fuel efficiency [2] . The authors of the previous paper presented fuel consumption of several engines with the rated power between 1864 kW and 2722 kW, operating at 100 % load. The obtained data is herein converted into specific fuel consumption based on the usual diesel fuel density of 0,85 kg/l. In Fig. 1 it can be observed how it ranges between 0,2 and 0,208 kg/(kW•h), for given engine powers. Also, there is a decrease of 9×10 −6 kg/(kW•h) per 1 kW. Engine load factor is defined as a portion of the rated engine power that is utilized during work process. It is very specific to the equipment type and application/operating conditions, but independent on the equipment size and the rated engine power [3] . For cyclic equipment it can range from below 0,1 during idle operation to 1,0 during full power operation. The continuous equipment usually has a relatively constant load factor, since there is little variation in power demand during operation, as opposed to the cyclic equipment. Calculation of fuel consumption requires an average load factor across a cycle, or a longer period of operation. One can be estimated from a cycle character or calculated from the empirical data, obtained by measuring and monitoring the actual fuel consumption. Those calculated from empirical data can then be applied to the equipment of the same type and the application/operating conditions, but of different sizes and engine power.
The basic approach in estimating fuel consumption is to assume the specific fuel consumption according to the engine condition and type, then apply the rated engine power known from equipment specifications, and eventually define the load factor specifically for the equipment type and the application/operating conditions.
Knowing these values, consumption can be calculated using the following equation [4] :
where: P -rated engine power (kW), k o -engine load factor, s d -specific fuel consumption (kg/(kW•h)).
Research goals and method
The main goal in this research is to obtain load factors for equipment used in quarrying of crushed stone. Factors were determined for equipment and operating conditions common in small quarries. They are based on five-year data on fuel consumption and can be considered characteristic for specific operating conditions, which are related to mentioned quarry type.
The other goal is to provide estimation of load factors in different operating conditions. Determined empirical factors were compared to the other sources, some of which contain description of operating conditions as main aspect that load factor depend upon. It considers that sources with highest correspondence to empirical data are the most convenient for estimation.
Fuel consumption data was collected from a mining company and averaged by the equipment type and model. The results were calculated back to load factors using transformation of Eq. (1). Knowing the quarrying process and application of equipment in company's quarries, factors are classified to matching operating conditions and compared to the other sources. Details on equipment usage, calculation of factors and data comparison are provided in the subsequent chapters.
Fuel consumption and load factors overview
Typical engine load factors are based on equipment type and application/operating conditions. They can be found in some literature on mining and construction equipment, but generally represent a rare topic and cover only a narrow span of equipment types. On the other hand, equipment manufacturers offer fuel consumption data related to a broad range of the specific equipment models [5, 6] . This is useful but less versatile when dealing with sizing and selection of the equipment. Some other sources provide load-specific fuel consumption, which represents hourly consumption at operating load, reduced to engine power and expressed in l/(kW•h). The latter can be considered as the equivalent to the load factor, since it expresses consumption at operating load. It does not, however, provide means to account for differences in fuel density and engine efficiency during estimation of consumption. Mentioned data on load factors are available for the commonly used equipment like trucks, excavators, scrapers and dozers, but it is hardly found for hydraulic hammers, blasthole drills or mobile crushing plants, screening plants and belt conveyors. Therefore, it is useful to provide some insight into those factors and their span for this latter group of equipment, even if they are suitable for specific quarry type.
Several sources are used in this research in order to compare them with empirical data, and mutually. Tab. 1 and Tab. 2 show typical load factors for trucks and dozers after Kennedy [1] . They are classified into three groups of operating conditions: light, average and heavy, where single value is assigned for every group. Description of operating conditions is available, as a guideline for factor assessment. Tab. 3 and Tab. 4 show the general factors according to Day [7] and Chitkara [8] . In contrast to the first source, these only provide values simply classified into three groups, but without any detailed description.
The equipment handbooks by Caterpillar and Komatsu offer fuel consumption of specific equipment models, classified into three ranges of load conditions. Conditions are similarly described in both manuals and those applicable to quarries of crushed stone are summarized in Tab. 5. To present large amount of the data from this sources, fuel consumption ranges of every equipment model were divided by engine power in order to obtain load-specific consumption. An average value of the latter, for the same equipment type, is then assigned to the corresponding load condition range. The same procedure was done using the data from construction equipment catalogue by Đukan et al. [9] , since it contains consumption and engine power for many models. Difference from other sources is that it provides single value as the average consumption across all load conditions (Tab. 6). Gransberg et al. [10] provides the explicitly specified load-specific consumptions, and thus no conversion is done in this case (Tab. 7). Both of the latter sources provide no details on operating conditions. Table 6 Load-specific fuel consumption after Đukan et al. [9] Load-specific fuel consumption l/(kW•h) Excavators 0,28 Wheel loaders 0,19 Bulldozers 0,25 Trucks 0,22 Table 7 Load-specific fuel consumption after Gransberg et al. [10] Load-specific fuel consumption at operating conditions l/(kW A recent research within EPA's NONROAD model for calculation of emissions includes a number of direct measurements of fuel consumption and determination of load factors for various equipment and engine types [11, 12] . The individual test results found in these sources, for the equipment of interest here, show that factors can vary significantly -from 0,34 to 0,7 for excavators, from 0,16 to 0,48 for wheel loaders and from 0,46 to 0,58 for bulldozers. In a larger scale the data on load factors for all equipment are averaged and put into three categories, 'high', 'low', and 'steady-state'. Within this categorization, excavators, bulldozers, off-highway trucks, and wheel loaders fall into 'high' category with the average factor of 0,59. Drill rigs and crushing/processing plants are put into 'steady-state' category with the average value of 0,43.
Quarrying process and operating conditions
Typical operations in quarrying of crushed stone first include overburden removal, if necessary. The excavation technique depends on deposit materials characteristics. Overburden commonly appears as the top layer of soil and humus or friable rock. Weak mechanical properties of these materials allow for usage of bulldozers and excavators for removal. Secondly, an underlying mineral raw material is excavated by drilling and blasting operations.
The following operation is transport of excavated rock material. Since most quarries are hillside type, gravitational transport, i.e. throwing from upper to lower benches, is used as the most economical method. This operation takes place until raw material reaches the first haulage way or pit bottom, where succeeding operations are continued.
The order of further operations depends on a specific quarrying system, but regularly includes the secondary reduction of oversized material, a transportation system and processing.
The secondary reduction is usually done using a hydraulic hammer, and rarely by blasting. Mainly because of safety, noise and discontinued production issues related to explosives. Load and haulage systems in small quarries of crushed stone are regularly composed of excavators or wheel loaders and rear dump trucks. Many quarries still process mineral raw material on fixed, i.e. stationary plants, but mobile crushing and screening is increasingly used in addition to stationary one, or even as the only processing equipment. Mobile equipment provides greater flexibility and savings in haulage expenses.
The specific mining company that provided the data on fuel consumption uses all the mentioned equipment, for quarrying of diabase and dolomite. Quarries are typical for crushed stone and so are the operating conditions described in the following text.
The bulldozer is almost exclusively used for gravitational transport of excavated overburden and mineral raw material. It mostly operates with loose material on horizontal benches and without any ripping. Its cycle composes of forming the drag prism during the larger part of trajectory, discharging full blade load over the bench crest and backwards return. This could be defined as light to average operating conditions.
Backhoe excavators are mostly utilized on excavation of top soil and friable rock sections, and loading of blasted rock material into mobile processing plants and trucks. This represents the average operating conditions for excavators, with transition to heavy if excavation of rock occurs. One excavator is an exception that frequently operates with hydraulic hammer, on secondary breaking of oversized material.
Wheel loaders and trucks perform typical operations for this type of equipment. Loaders are used for loading and short transport of loose and finer-granulated material, such as processed crushed rock. Both, loaders and trucks, operate on relatively stiff and well maintained surfaces with slight or no grades. This includes pit bottom and haulage roads. Operating conditions for this equipment can be considered as light.
The blasthole drill operates in diabase and dolomite on benches that are mostly 20 m in height and with the usual drill pattern of 2,7 × 3 m. It is equipped with DTH hammer and 90 mm drill bits.
Mobile crushing and screening plants are used for processing of multiple rock types and production of various aggregate fractions depending on market demands.
The mobile belt conveyor is used in addition to processing plants for deposition of outlet rock materials in order to achieve larger heaps.
Load factors analysis
Load factors were derived from the continuous, fiveyear period, data on fuel consumption of the main equipment used in quarrying process.
Averaged hourly fuel consumption, expressed in litres per hour, is converted into fuel mass using the usual fuel density of 0,85 kg/l [13] .
All the equipment is up to six years old and equipped with modern diesel engines. Thus, for specific fuel consumption of diesel engines, the value of 0,22 kg/(kW•h) is selected. To confirm this value, the relation from Fig. 1 was used. As rated engine power of equipment subjected to this research ranges from 28,8 to 370 kW, selected value of 0,22 kg/(kW•h) is suitable.
Finally, empirical load factors for equipment were obtained by dividing hourly fuel consumption by rated engine power and selected specific fuel consumption. Tab. 8 presents input data and calculated results.
The average load factor for excavators amounts to 0,561 with a slight deviation between models. According to different sources this value belongs within the average operating conditions, which is also the case in these quarries. The exception is the light wheel excavator R200W-7 with the factor of 0,301. This unit is very frequently used with the hydraulic hammer for reduction of the oversized rock material. It is possible that the hammer engages a lower portion of engine power compared to the excavation and loading operations. However, due to the fact that it is the only unit in this research, the general conclusion cannot be derived.
Wheel loaders have an average load factor of 0,273 and for trucks it amounts to 0,236. Deviation between models is negligible, especially for trucks. This equipment can be considered as the least engine-power demanding in the quarrying process. The reason for low load factors can be partially found in working cycles of this equipment, where half of the cycle is done without load (cargo). Good operating conditions in quarries, with well-maintained haulage roads and without steep grades, are favourable for low power demand. Same conditions belong into the light range according to other sources.
The only bulldozer used in this analysis has a load factor of 0,485, which corresponds to light to average operating conditions according to other sources. Conditions in these specific quarries can be described as such, considering that the bulldozer is used in gravitational transport that includes moving of loose rock material on the horizontal benches, in one direction.
The mining company has one blasthole drill for which the calculated load factor amounts to 0,616. As this is the only unit, it is difficult to say that the results are typical representative for this type of equipment. Besides, calculated factor represents an average value for drilling in two rock types, diabase and dolomite. Thus, it is not known if the factor differs when drilling is performed in different rock types.
Load factors for two jaw crushers deviate very slightly, and average to 0,467. Cone crusher shows somewhat lower factor of 0,387 and that is why it is set aside from the crusher's average. The difference between jaw and cone crusher could be attributed to the crusher type, and probably also to different rock types that are processed.
Mobile screening plants show the largest deviation of load factors among the models, from 0,22 to 0,783, with an average of 0,491. The lowest factor is for the roller screen, while vibrating screens show generally higher factors, but with the significant deviation between the models. It can be assumed that the screen working principle affects the load factor, but is also influenced by constructional features like the number of screen decks, engine power and the number of belt conveyors.
Mobile belt conveyor has the load factor of 0,52. Constructional features could have an important influence on it, similarly to screening plants. It is the only unit of that type used in the research, thus no span of the factor can be derived. 
Data comparison
The above mentioned sources provide the data which can be classified into three types: hourly fuel consumption expressed in l/h, load-specific fuel consumption expressed in l/(kW•h), and engine load factor. In order to compare these different types of data to the empirical ones, all values were converted to load factors. Afore stated values for fuel density of 0,85 kg/l and the specific fuel consumption of 0,22 kg/(kW•h) were used. Different data types were converted as presented in the following table: The results are presented within diagram in Fig. 2 , where load factors from different sources are grouped by the equipment type and classified by operating conditions. Diagram contains empirical data points compared to other sources. Depending on the source, factors are presented either as single point that represent one operating condition, or as lines that represent ranges of the same (low, medium and high, or their equivalents). Factors are marked as unclassified in case those conditions are not specified, or there is no basis to define them.
The data for the common equipment i.e. bulldozers, excavators, wheel loaders and trucks are specified in most sources. The comparison shows that the mean empirical load factors fall within the same range for trucks and wheel loaders, where the description of operating conditions [1, 5, 6] corresponds to the operations in the specific quarries subjected to this research. For excavators and the bulldozer they fall into the same range or are slightly shifted into the adjacent range. The sources without details on operating conditions generally show either higher values of load factor, compared to empirical data, or an inadequate span of values across operating conditions. With the exception of favourable conditions for trucks according to Chitkara [8] and for bulldozers according to Day [7] .
The hydraulic breaker represents the operating condition of an excavator, but it is separated for clarity. According to the equipment manuals [5, 6] an excavator using a breaker can fall into the medium or high range of conditions. Still, the empirical data point falls below these values. Technical Gazette 23, 1(2016), 163-169 
Conclusions
Engine load factors of main equipment used in quarrying of crushed stone are calculated based on the five-year data on fuel consumption. The obtained empirical values can be used in estimation of fuel consumption if similar operating conditions exist in quarries and other surface pits. This applies especially to trucks with the mean value of 0,24 and wheel loaders with the value of 0,27, due to the low deviation from mean values and a good correlation to the most other sources.
The empirical load factors for excavators and mobile processing plants are more scattered around the mean value, but their span in quarrying of crushed stone is evident. They range from 0,47 to 0,66 for excavators and from 0,39 to 0,48 for mobile processing plants.
Load factors for other equipment can be used as approximate, since there are not enough data to achieve a greater level of certainty. The data for only one bulldozer, blasthole drill, hydraulic breaker and belt conveyor unit are used in this research. The bulldozer, with factor value of 0,48 is an exception, because it shows a good correlation to several other sources.
The excavator using a hydraulic breaker has a load factor of 0,3, which is much lower than the values stated in literature [5, 6] . The specific excavator is a wheel type. Therefore, it is possible that the low load factor is caused by using the breaker. Lower rolling resistance, compared to the crawler type, could also have some influence.
Mobile screening plants tend to have a very wide span of load factors, from 0,22 to 0,78. This could be caused by a number of factors, including constructional features of the plant and mineral raw material properties. For this reason it is difficult to define common operating conditions for this type of equipment.
The belt conveyor and blasthole drill also lack the definition of operating conditions. Due to the insufficient data it is not possible to conclude how much would the load factor differ with the operation in other mineral raw materials, or with different constructional features of equipment?
In the absence of empirical data on fuel consumption, both load factors and load-specific fuel consumption for the known operating conditions and equipment type can be used for estimation. The use of load factors is more versatile because they remain constant and it is possible to account for changes in engine efficiency and fuel density.
The presented load factors and consumptions based on Komatsu and Caterpillar manuals correlate most closely with the empirical data for the majority of quarrying equipment. It can be assumed that they provide the most accurate estimation in case of different operating conditions.
